Background: Interspecific hybrids of frogs of the genus Xenopus result in sterile hybrid males and fertile hybrid females. Previous work has demonstrated a dramatic asymmetrical pattern of misexpression in hybrid males compared to the two parental species with relatively few genes misexpressed in comparisons of hybrids and the maternal species (X. laevis) and dramatically more genes misexpressed in hybrids compared to the paternal species (X. muelleri). In this work, we examine the gene expression pattern in hybrid females of X. laevis × X. muelleri to determine if this asymmetrical pattern of expression also occurs in hybrid females.
Background
Frogs of the genus Xenopus provide a striking exception to the most widespread generalization in evolutionary biology-Haldane's rule [1] [2] [3] [4] [5] [6] . Haldane's rule states that the heterogametic sex (XY or ZW) typically suffers the most dysfunctional effects of interspecific hybridization [7] and the broad applicability of Haldane's rule across diverse groups of organisms suggests that common mechanisms may underlie postzygotic reproductive isolation [5] . Xenopus have ZW sex determination and Haldane's rule would predict that hybrid females should suffer the most dramatic effects of hybridization but contrary to expectation, F1 hybrid males are completely sterile and hybrid females are fertile [1, 2] .
Analyses of spermatogenesis in hybrid males of X. laevis × X. muelleri have shown that males have a dramatically lower abundance of motile sperm, increased numbers of undifferentiated sperm cells, and larger mature sperm cells compared to parental species [2] . The gene expres-sion pattern for hybrid males shows a striking asymmetric pattern in that relatively few genes are differentially expressed between hybrids and the maternal species (X. laevis) whereas there are dramatically more genes differentially expressed between hybrid males and the paternal species, X. muelleri. These results suggest intriguing mechanisms operating on the transcriptome in hybrid males of Xenopus that may reflect strong maternal and/or species dominance effects [2] .
Hybrid females are just as fertile as conspecific species [1] and given the phenotype of hybrid females, a reasonable prediction would be that gene expression should be similar compared to the two parental species. However, given the asymmetrical pattern of expression operating in hybrid males, it is of interest to investigate the pattern of gene expression in hybrid oogenesis, particularly since oogenesis in hybrids does not seem to be affected by the hybrid genetic background compared to hybrid males.
In this study, we analyzed the gene expression pattern of adult ovary in hybrid females of X. laevis × X. muelleri compared to the two parental species. Our analyses reveal a pattern of asymmetrical gene expression like that in testes of hybrid males but surprisingly there is a dramatic increase in the number of genes misexpressed in hybrid female ovaries compared to the two parental species relative to hybrid males. This increased level of gene misexpression suggests that oogenesis can tolerate dramatically more misexpression compared to spermatogenesis and points further evidence to the sensitive spermatogenesis component of the faster male evolution hypothesis for Haldane's rule.
Results
There was a substantial amount of differential expression in hybrid ovary compared to the ovaries of the two parental species. Using adjusted significance tests (P < 0.05), about 14% (1,616/11,485) of genes were differentially expressed in hybrid females compared to females of X. laevis and 63% (7,279/11,485) of genes were differentially expressed between hybrids and X. muelleri (Fig. 1) . The number of genes upregulated in hybrids relative to X. laevis compared to the number of genes upregulated in X. laevis relative to hybrids was the same (839 vs. 777; G = 2.38; df = 1; P > 0.05) but there were significantly more genes upregulated in X. muelleri compared to hybrids (4,349 vs. 2,930; G = 139.2; df = 1; P < 0.0001). Many of the top 30 most differentially expressed genes for each class of gene expression behavior are expressed sequence tags (ESTs) with little functional information but our results imply that these sequences play a role in oogenesis in Xenopus. Of the top 30 candidate genes with known function many have a documented role in oogenesis in other organisms (Table 1, 2, 3, 4) . Comparing the two lists of differentially expressed genes showed that about 68% (1105/1616) were common to both X. laevis vs. hybrids and X. muelleri vs. hybrids. This common set of differentially expressed genes suggests a set of genes that are uniquely expressed in hybrids relative to the two parental species.
Gene expression between the two parental species was also dramatically different. More than 76% (8,741/ 11,485) of genes were differentially expressed between females of X. laevis and X. muelleri. Of these differentially expressed genes, about 60% (5,203/8,741) were upregulated in X. muelleri relative to X. laevis (5,203 vs. 3,538 ; G = 159.5; df = 1; P < 0.0001). Comparing the overlap in genes differentially expressed in the two hybrid contrasts to the three classes of expression behavior between X. laevis and X. muelleri (X. laevis > X. muelleri; X. laevis <X. muelleri; X. laevis = X. muelleri) shows a general pattern of semidominance in expression behavior (Table 5 ). For example, of the 839 genes upregulated in hybrids relative to X. laevis; 90% were upregulated in X. muelleri relative to X. laevis. Similarly, of the 2,930 genes that were upregulated in hybrids relative to X. muelleri, 91% were upregulated in X. laevis compared to X. muelleri. These results suggest a general pattern of intermediate expression in hybrids and are consistent with a semidominant model of expression difference even despite the asymmetrical pattern of misexpression in hybrids compared to the two parental species.
Discussion
Our analysis of hybrid females relative to the two parental species provides key insight into the process of oogenesis in hybrid females and the two parental species. There is an asymmetrical pattern of differential expression with about 4.5 times more genes differentially expressed between hybrids and Xenopus muelleri compared to X. laevis. This result implies that strong maternal and/or species dominance effects act in oogenesis and these are reflected in the hybrid transcriptome. Hybrid females have a general pattern of semidominance in gene expression with the majority of genes being expressed at intermediate levels compared to the two parental species. Finally, there is a dramatic divergence in gene expression in the ovary between the two parental species with more than 76% of genes differentially expressed between X. laevis and X. muelleri. This suggests that the process of oogenesis differs widely at the gene expression level between these two species of Xenopus.
It is important to consider the methodology used to gather the samples of RNA for this study. Samples of ovary (50 mg portions) were dissected and then homogenized in RNA extraction solution. Therefore, we gathered a sample of ovary rather than the entire ovary and this sample is a heterogeneous representation of oogenesis, rather than Volcano plots of gene expression -log 2 P-value a direct assessment of specific stages of oocyte development. Given the heterogeneous nature of the tissue used to gather RNA, it is even more surprising that we found such strong effects. Increased heterogeneity among samples would decrease the ability to reject the null hypothesis that gene expression for a particular gene is the same between hybrids and conspecifics. Increased heterogeneity among samples would increase the standard error and thereby decrease power to reject the null hypothesis. In fact though, even despite the heterogeneous nature of the samples collected, we still reject a large portion of null hypotheses suggesting that our microarray results represent real biological effects, rather than statistical artifacts. Additionally, our results remain robust even when using different normalization techniques (scaling and Robust Multichip Averaging) providing further confidence that our results are not statistical artifacts (not shown).
The top 30 candidate genes for the contrasts between hybrids and the two parental species provide many genes with known roles in mitosis, meiosis, and oogenesis in general (Table 1, 2, 3, 4) . One EST, MGC132176, is predicted to have heme oxygenase activity and this EST was upregulated 12 times in X. laevis relative to hybrids. Heme oxygenase plays a role in regulating ovarian steroidgenesis in rats and our results suggest this may be the case in Xenopus [8] as well. Of the genes with known function, many have been documented to play a role in oogenesis. For example, the proliferation associated protein PA2G4, which was upregulated in X. laevis about 8 times higher than in hybrids, has been previously isolated from Xenopus oocytes and is believed to play an important role in DNA replication and cell cycle progression [9] . One EST that is similar to the human transcription factor Hairy and enhancer of split 2, was upregulated 18 times in hybrids relative to X. laevis, and is known to be regulated by reproductive hormones in adult rat ovary [10] . Neurotrophin receptor B (Trkb-b) was upregulated 5 times in hybrids relative to X. laevis and plays a critical role in ovulation, steroid secretion, and follicular development in the ovary of rodents and humans [11] [12] [13] [14] [15] .
Examining candidate gene lists for the Xenopus muelleri vs. hybrid comparison also reveal many genes involved in oogenesis. For example two bone morphogenetic proteins, Bmp7 and Bmp2, are 17 and 11 times respectively upregulated in X. muelleri relative to hybrid females. Bone morphogenetic proteins are part of a class of proteins involved in the development and patterning of the adult ovary [16, 17] . Xcat-2 was upregulated 17 times more in X. muelleri relative to hybrids and is involved in the formation of germ plasm during stage I oocytes of Xenopus [18, 19] . Another gene of interest is LAP2, upregulated 14 times higher in X. muelleri compared to hybrids and specific isoforms of LAP2 are expressed exclusively in the ovary of anurans and salamanders [20] [21] [22] . Cyclin A1, the most divergently expressed gene, was upregulated nearly 200 times higher in hybrids relative to X. muelleri and expressed the same in X. laevis and hybrids. Cyclin A1 plays a major role in mammalian gametogenesis and meiosis [23] and is a partner of Cdk2, a key gene involved in the cell cycle both in mitosis and meiosis. Female and male knockout Cdk2 mice are viable but both infertile [24] . Curiously, disruption of Cyclin A1 expression results in male infertility but not female infertility and specifically causes the developmental arrest of spermatogenesis during meiosis I [25, 26] . A vitelline envelope glycoprotein, lzpb-a, was upregulated 75 times in hybrids relative to X. muelleri, and vitelline envelope proteins have an obvious role in the formation of oocytes during amphibian oogenesis [27] . Finally, Germes, a gene that localizes to the germ plasm during early oogenesis in Xenopus [28] was upregulated 62 times higher in hybrids compared to X. muelleri.
Perhaps the most surprising result of our analyses is that hybrid females are fertile yet have a dramatic increase in gene misexpression compared to hybrid males which are completely sterile [2] . These results would seem to contradict what we might intuitively predict; specifically that it seems reasonable to assume that normal phenotypes should have greater similarity in expression profiles and perturbed phenotypes should have greater divergence in expression. Hybrid males, which are completely sterile, have only 56 genes misexpressed in testes compared to both parental species whereas hybrid females, which are fertile, have nearly 20 times more genes misexpressed (1,105) in ovaries. However, these results are consistent with patterns of sex-biased gene expression in which female-biased genes were found to be more divergently expressed between species compared to male-biased genes [29] providing further evidence that this pattern represents real biological effects. Thus, we are left with a ques- tion, how can the process of oogenesis tolerate such dramatic differences in the level of gene expression, whereas the process of spermatogenesis in hybrid males has relatively few genes misexpressed yet results in complete sterility.
To date, there has been little exploration of this question because studies of gene expression and reproductive isolation have focused on the sterility phenotype which typically involves males. However hybrid females of Drosophila melanogaster and D. simulans, which are sterile, have been analyzed and hybrids had a majority of genes misexpressed compared to the two species [30] . Recent work has shown that critical genes involved in mammalian female reproduction undergo rapid diversification due to retrotransposed genes in Mus musculus [31] and these results may provide a clue to the divergent expression pattern occurring in females of Xenopus which could be a general pattern of female reproduction.
Xenopus do not conform to a fundamental generalization in evolutionary biology-Haldane's rule [1] [2] [3] [4] [5] [6] [7] . Patterns of sex-biased gene expression and comparisons between taxa in which the sex chromosome constitution is reversed suggest that the sensitive spermatogenesis component of the faster-male evolution hypothesis [3, 32] is the best explanation for sterile males in Xenopus even though females are the heterogametic sex. Given the divergent pattern of expression in hybrids and females between species, we suggest the following scenario to explain hybrid male sterility in Xenopus.
First, oogenesis relies on a staggering amount of gene expression with up to 45% of all mouse genes and 55% of all Drosophila genes expressed in the mature oocyte [31, 33] and additionally this abundant transcription results in maternally deposited RNAs and proteins which foster oocyte growth and early development [31, 34] . In particular, much of this RNA deposition functions to localize coding and non-coding RNAs essential to germ cell development into a distinct subcellular domain that can be moved into the vegetal cortex of the oocyte. Interestingly, RNAs localized in the germ plasm may not be translated for years highlighting the importance of the germ plasm as a storage unit for RNA and furthermore many of these stored RNAs are involved in translational regulation of germ cell specific expression [35] [36] [37] [38] .
We find dramatic differences in gene expression between females of two species of Xenopus and many of the most dramatic differences have to do with Early/METRO pathway (e.g. Germes, Fatvg, Cyclin A1) of germ plasm specification [38] . These dramatic, sometimes 200 times different, RNA abundance levels indicate a major difference in the amount of key genes involved in germ plasm specification and maternally loaded RNAs between species. This result would suggest that each species has a divergent way of completing oogenesis with regard to gene expression.
During fertilization, sperm fertilize an egg and this starts the dramatic changes that turn the mature oocyte into a functioning zygote [39] . Each sperm delivers a haploid paternal genome along with mature RNA that initiates and directs subsequent development [40] . The interaction between the paternal genome and stored maternal RNA must coevolve in such a way to ensure successful development. Consider now sperm from a different species, adapted for fertilizing eggs of its conspecific species, that now successfully fertilizes an egg from a different species. As our data suggest, the paternal genome will now interact with a radically different embryo with drastically different amounts of stored maternal RNAs. We therefore suggest the possibility that disruption of spermatogenesis in adult hybrid males occurs because of radically divergent expression in females during oogenesis. Oocytes armed with pools of RNA adapted for one species, work in the sense that they can be fertilized and develop but, the initial differences in maternally stored RNAs generate subsequent dysfunctions in males because molecular interactions that generate the adult testis and subsequent spermatogenesis are misregulated due to the differences in maternally stored RNA populations. Spermatogenesis is special in the sense that during early development key factors fail to interact properly to generate a normally functioning testis.
Several genes from our microarray results suggest directions by which this hypothesis could be tested. One example is Cyclin A1 which was upregulated about 200 times more in hybrids and 170 times more in X. laevis compared to X. muelleri. Knocking out Cyclin A1 in mice causes completely sterility and the interaction between Cyclin A1 and cdk2 is crucial for normal development [24, 25] . Cyclin A1 is also known to be maternally deposited in Xenopus and regulates the progression of the cell cycle and apoptosis [41] . Our hypothesis suggests that factors like Cyclin A1 which are loaded into embryos in drastically different amounts may play a role in misdirecting the development of the hybrid testis.
Conclusion
Our work provides an important first glimpse into the expression pattern of hybrid females and parental species. We find an asymmetrical expression pattern similar to the pattern of expression in hybrid male Xenopus and allotetraploid Arabidopsis [2, 42] . However, hybrid females have a dramatic increase in the number of misexpressed genes compared to sterile males and we suggest that this gene expression divergence plays a role in hybrid male sterility. Our results call for attention as to how divergent expression in females plays a role in reproductive isolation between species.
Methods

Microarray Experiments
RNA was extracted from adult ovary in Xenopus laevis (n = 4), hybrids of X. laevis × X. muelleri (n = 2) and X. muelleri (n = 3). Hybrid individuals were produced by crossing maternal X. laevis with paternal X. muelleri. Origin of parents and methodology for creating hybrids has been described elsewhere [2, 29] . Sufficient numbers of normal hybrid females from the reciprocal cross were unable to be produced because the reciprocal cross produces increased mortality and the offspring that survive have a high proportion of limb abnormalities [1] . Individual adults were euthanized with MS-222 and 50 mg of ovary was dissected and homogenized in RNA extraction solution using a hand held pestle. RNA was recovered using GeneHunter and Ambion RiboPure total RNA kits. Samples of RNA were checked for purity by examination of the 28S and 18S ribosomal RNA bands from denaturing gel electrophoresis, by 260/280 ratios from scans with a Nanodrop ND 1000 spectrophotometer, and by readouts of the Agilent Bioanalyzer. Total RNA samples were prepared and hybridized to Affymetrix Xenopus laevis GeneChip Genome Arrays at the University of Texas Southwestern Medical Center Microarray Array Core Facility following standard Affymetrix protocols. Affymetrix Microarray Analysis Suite (MAS) v.5.0 was used to scan and process each microarray chip. The signals of quality control and poly(A) transcripts revealed that hybridizations were of high quality in all chips. Quality control probe sets (i.e., spike in and housekeeping genes) were removed in subsequent statistical analyses. Hybridizing RNA from a heterospecific species to a microarray designed for a related species can have a dramatic impact on the signal recovered from microarrays [43] [44] [45] [46] . To control for this effect, we used an electronic mask generated from hybridizing genomic DNA from X. laevis and X. muelleri onto the X. laevis microarray [2] . This mask which screens out probes that have significant sequence divergence in X. muelleri provides 11,485 probesets/genes for further analysis.
Data Analysis
We conducted three separate comparisons to uncover patterns of differential expression between Xenopus laevis and hybrids, X. muelleri compared to hybrids, and X. laevis compared to X. muelleri. First, the Xenopus laevis and hybrid chips were normalized using Robust Multichip Averaging (RMA) express software [47] using default parameters for background correction and quantile normalization. These RMA normalized data were then imported into the R statistical environment and tested for differences in expression between X. laevis and hybrids for each of the 11,485 genes using a moderated t-statistic based on an empirical Bayes method in the Limma package found in Bioconductor [48] . The TopTable function was then used to output the False Discovery Rate (FDR)-adjusted P-values and we considered genes with adjusted P-values less than 0.05 to be differentially expressed. Goodness of fit tests (G), based on the difference between the observed and the expected (under the null hypothesis of equal class probabilities) number of genes, were performed to test whether there was enrichment in the number of genes up-regulated in particular comparisons [49] . We normalized X. muelleri and hybrid chips together using RMA and repeated the analyses to uncover differential expression between X. muelleri and hybrids. Finally, we normalized X. laevis and X. muelleri chips together using RMA and repeated the analysis to uncover genes misexpressed between the two species. Separate normalizations were performed for each comparison in keeping with the assumptions of RMA normalization.
